interest in SOTs for their technological [33] [34] [35] as well as theoretical implications. [19] [20] [21] [22] [23] [24] [25] For example, T ║ has been proposed 10, 34, 35 and demonstrated 33 to induce switching of magnetic tunnel junction devices using a three-terminal configuration, where the read and write current paths are separated to avoid damage of the tunnel barrier.
From a fundamental point of view, however, several points remain open. On the one hand, T ║ has been shown to be compatible with a torque originating from spindependent scattering and the Rashba interaction 10, [20] [21] [22] [23] [24] [25] as well as with the adiabatic torque due to the absorption of a spin current generated by the spin Hall effect in Pt and injected into the ferromagnetic layer. 10, [21] [22] [23] [24] 31, 33 On the other hand, the interpretation of T ┴ as a torque due to the Rashba magnetic field 6, 7, 9,14 has been recently questioned based on models that consider only the adiabatic 31 or nonadiabatic 24 spin Hall torques.
Given that intrinsic, extrinsic, and interfacial effects play a role in all of the above models, it is unclear whether the different mechanisms responsible for the torques can be considered independently from one another. Further, there remains considerable uncertainty on the magnitude and direction of SOTs as well as on their dependence on the magnetic and structural properties of the trilayers. This state of affairs calls for a complete characterization of the SOTs anatomy in order to optimize their efficacy for technical applications and provide experimental input to theory.
This work provides a direct vector measurement of SOTs in AlO x /Co/Pt trilayers. Starting from symmetry arguments, we derive a general expression of currentinduced SOTs in magnetic heterostructures, which is confirmed by ac susceptibility measurements using 1 st and 2 nd harmonic analysis of the anomalous Hall effect (AHE) and planar Hall effect (PHE). Our results unambiguously show the existence of two distinct torques that have odd and even symmetry with respect to the inversion of the magnetization and include, but are not limited to, T ┴ and T ║ ( Fig. 1 a-c) . We find that
SOTs are strongly anisotropic and depend on the in-plane projection of the 5 magnetization. The large torque/current ratio T ║ /j = 7 x 10 -7 mT/(A/cm 2 ) measured for AlO x /Co/Pt implies either a spin Hall effect in Pt twice as large as previous estimates or additional mechanisms contributing to the torque. We also find that interface diffusion induced by annealing of AlO x /Co/Pt induces a significant decrease of the torques.
Finally, the experiments presented here provide a general and sensitive method to characterize both the direction and magnitude of SOTs in the low current limit.
Spin-orbit torque symmetry and effective fields
SOTs require inversion asymmetry in order to induce measurable effects on the magnetization. This holds true also for the spin Hall torque, which would average to zero in a symmetric heterostructure. The minimal requirements imposed by structure inversion asymmetry on a multilayer system are continuous rotational symmetry around the z axis and mirror symmetry with respect to planes parallel to z. Given that the relevant torque components are perpendicular to m=(sinθcosϕ,sinθsinϕ,cosθ), we adopt a spherical coordinate system ( Fig. 1d ) with basis vectors e θ =(cosθcosϕ,cosθsinϕ,-sinθ) and e ϕ =(-sinϕ,cosϕ,0). In the Supplementary Information, we show that the most general expression for the torque satisfying the above symmetry requirements is given by the sum of two components, the first one odd and the second one even with respect to the inversion of m: 
Measurements of current-induced effective fields
To quantify and analyze the SOT fields described above, we studied AlO 
where and are the AHE and PHE resistances, respectively, and I is the injected current. In terms of the total Hall resistance = / , the first harmonic term = + relates to the equilibrium direction of the magnetization and is independent of modulated fields. The second harmonic term 2 measures the susceptibility of the magnetization to the current-induced fields and is given by: We note that the choice of θ B is not critical as long as B ext is slightly tilted off-plane, to prevent the formation of magnetic domains. According to Eq. (8), 2 is mostly sensitive to the effective field components parallel to e θ , as these affect m z and hence the AHE. Conversely, the components parallel to e ϕ are measured through the PHE, which is significantly weaker. Thus, 2 measured at ϕ = 90º reflects mostly B odd contributions, whereas 2 measured at ϕ = 0º reflects mostly B even terms. Note that this agrees with the even/odd character of 2 measured at ϕ = 90º/0º with respect to field inversion ( Fig. 2a and b) , since B odd and B even are by definition even and odd with respect to m, opposite to the torques from which they are derived.
Odd and even effective fields and torques
The effective fields B odd and B even derived from 2 are shown in (3) and (4), respectively.
This implies that, within the error of our data, the SOT coefficients 0 , 2 , and 0 are independent of ϕ ( Fig. 3d-f ), in agreement with the superposition principle for the current and the resulting linear-response torques.
These measurements define a minimal set of coefficients required to model the action of B odd and B even at constant current amplitude, namely 0 , 2 , 0 , 2 , and 4 .
The remaining coefficients in Eqs. (3) and (4) are below the detection limits of the experiment, and will be considered equal to zero in the following discussion. We stress, however, that this conclusion concerns AlO x /Co/Pt and that the relative weight of the different terms in Eqs.
(1-4) will depend on the specific choice of materials. By expressing T odd and T even in vector form, we obtain
where the field-like and STT-like contributions T ┴ and T ║ correspond to the first terms in Eqs. (9) and (10), respectively. We thus find that there are significant deviations from the SOT models considered so far. Such deviations can be shown to arise from the dependence of the torque operators on the Fermi surface, electron velocity, and magnetization direction, which characterize ferromagnetic systems with strong spinorbit coupling. In the case of AlO x /Co/Pt, the largest deviations are observed between T odd and T ┴ due to the terms proportional to 2 in Eq. 9. Thus, the effective field B odd generated by the current includes magnetization-dependent components perpendicular to the y axis, whereas the Rashba model can only explain components parallel to y. This suggests that the previous picture of T ┴ induced by a Rashba field of constant magnitude 6, [14] [15] [16] [17] [18] or the field-like component of the spin Hall torque 24 has to be extended by a calculation of the torque based on a realistic description of the electronic bands. Figure 4 shows that the amplitude of T odd and T even scales linearly with the current up to j = 1.5 x 10 7 A/cm 2 . Above this value, we observe a nonlinear increase of the coefficients 0 , 2 , and 0 , which we attribute to Joule heating effects. We note that, for the maximum current density employed in this study (3.15 x 10 7 A/cm 2 ), we observe a reduction of the AHE (-3.5%) and magnetic anisotropy (-13%) as well as an increase of the resistivity of the layers (+13%). All these effects can be attributed to heating and may alter the SOT/current ratio.
Torque to current ratios
Our measurements also offer quantitative insight into the magnitude of the different kinds of SOTs. In the following, we express the torques in unit of magnetic moment, thereby assigning them the same units as the effective fields. We discuss first T odd . From the initial slope of the data reported in Fig. 4 , we find that the SOT/current ratio corresponding to 0 and 2 amounts to 3. Finally, we remark that T even ≈ T ║ is much stronger than expected compared to the spin Hall torque reported for Pt 13, 31 and even larger than that reported for Ta. 33 By fitting 0 for j < 1.5 x 10 7 A/cm 2 ( Fig. 4c) , we obtain T ║ = 0 = 5.0 ± 0.2 mT per 10 7 A/cm 2 . Moreover, the data reported in Fig. 4 (dots and squares) represent a lower bound of the torque/current ratio due to current dispersion in the Hall voltage probes, which may reach up to 23% of the total current in a symmetric Hall cross. 39 Measurements of
Hall crosses with narrower voltage probes (0.5 µm instead of 1 µm) give consistently higher torque/current ratios, namely 0 = 4.0 ± 0.3, 2 = 2.7 ± 0.1, and 0 = 6.9 ± 0.3 mT per 10 7 A/cm 2 (Fig. 4 
